Contacts between the pore-2 loops of ClpX and the N-termini of ClpP represent a second set of well-characterized interactions between ClpX and ClpP, which are, however, more dynamic and dependent on the nucleotide state of ClpX (10) . A crucial function of the ClpP N-termini is to gate the entrance of the proteolytic chamber (9) .
Until now, the highly dynamic interaction between ClpX and ClpP, which is mediated by long flexible loops, posed a challenge to obtaining a high resolution structure. This limited our understanding of this important protein degradation machinery. Here we present the first high-resolution cryo-EM structure of ClpXP from L. monocytogenes.
Cryo-EM structure of ClpXP1/2
In order to obtain a ClpXP complex that is suitable for structural studies, we used the heterotetradecameric ClpP1/2 complex from Listeria monocytogenes. Recent studies have revealed that this complex has a higher affinity to ClpX in comparison to the more conserved ClpP2 homocomplex (16, 17) suggesting a superior stability of the heterooligomer. Since ClpP1/2 might cleave ClpX to some extent during sample preparation, we mutated one residue of the catalytic triad (S98A) in both ClpP isoforms to prevent cleavage. Furthermore, we mutated the nucleotide binding site of ClpX (E183Q) to allow ATP binding, but to prevent hydrolysis, which results in a tighter binding to ClpP (18, 19) .
We formed a complex of ClpX and ClpP1/2 and obtained a large fraction of ClpXP1/2 dimers (ClpP1/2-ClpX-ClpX-ClpP1/2) that were in equilibrium with ClpXP1/2 monomers ( Supplementary Fig. 1a-c) . It has been demonstrated before that two ClpX or ClpA hexamers can bind to one ClpP barrel from both sites, resulting in a ClpX-ClpPClpX or ClpA-ClpP-ClpA complex (6, 7, 20) . However, ClpXP1/2 dimers (Supplementary Figure 1a-d) have, to our knowledge, not been described so far. We therefore concentrated our structural analysis first on these intriguing dimers and determined their structure by cryo-EM and single particle analysis using crYOLO (21) and SPHIRE (22) ( Fig. 1a ).
The ZBDs are involved in substrate binding and cofactor recognition and were shown to dimerize when expressed as single domain (23, 24) . Based on these results it has been previously proposed that the ZBDs of neighboring subunits within a single ClpX hexamer dimerize resulting in a trimer-of-dimer model (24) . In this model the ZBD dimers interact with the adjacent dimers, creating a ring structure that is aligned with the central channel of ClpX. The structure of the ClpXP1/2 dimer, however, reveals that the Based on these results and the fact that the ZBDs are flexible and not resolved in the crystal structure of ClpX(25), we propose that ZBD dimers form stable structures only at the interface between two oppositely positioned ClpX hexamers (Figure 1d ).
To obtain a cryo-EM structure at higher resolution, we focused the structural analysis on one ClpXP1/2 subunit in the dimer and solved its structure using the same dataset ( Figure 1e-l, Supplementary Fig. 2 ). The final cryo-EM reconstruction has an average resolution of 3.6 -4 Å for ClpP1/2 and 6 -7 Å for ClpX ( Supplementary Fig. 2e-g ). The overall lower resolution of ClpX indicates that the chaperone is intrinsically more flexible and heterogeneous than the ClpP barrel in the ClpXP1/2 complex. To build a complete atomic model of ClpXP1/2, we fitted a homology model of ClpX and the available crystal structure of ClpP1/2 (PDB-ID 4RYF) into the cryo-EM density and refined the model using Molecular Dynamics Flexible Fitting (MDFF) (26) .
The structure of ClpXP1/2 reveals that ClpP1 forms the upper homoheptamer of the ClpP barrel, whereas ClpP2 sits below and interacts with ClpX (Figure 1g-l) . This arrangement is consistent with the results of previous binding studies showing that ClpX and ClpP1/2 interact exclusively via the ClpP2 ring surface in Listeria monocytogenes and Mycobacterium tuberculosis ClpP proteases (27, 28) .
Interestingly, the ClpX hexamer is not centrally aligned, but slightly tilted by ~11° towards ClpP2. The structure of ClpP1/2 is almost identical to the available crystal structure of apo-ClpP1/2 (PDB-ID 4RYF), indicating that the binding of ClpX does not induce large conformational changes in ClpP1/2 ( Figure 5b ). In contrast, the interaction with ClpP1/2 has an effect on the overall conformation of ClpX. Whereas the AAA+ domains arrange as a "dimer-of-trimers" in the crystal structure of E. coli ClpX (29), the structure of ClpXP1/2 shows that the ring of ClpX exhibits pseudo-six-fold symmetry. In addition, the neighboring AAA+ domains are closely packed to each other. This is unlike recent structural studies on substrate-bound AAA+ chaperones that showed a "spiralstaircase" arrangement with one "seam" subunit, which is slightly displaced from the pore (30) (31) (32) . The resolution at the nucleotide pocket is not high enough to visualize nucleotides, but the structure reveals that all six ClpX protomers are in the "loadable" conformation ( Supplementary Fig. 3 ). This is in contrast to ClpX with the E183Q mutation in its apo-state (29) . There, two subunits are in the "loadable" and four are in the "unloadable" conformation. A dynamic interconversion between loadable and unloadable conformations is required to couple ATP hydrolysis by ClpX to mechanical work. However, the arrangement is not a direct consequence of the bound nucleotide or the presence of specific mutations (25) . To further examine the interaction between ClpP1/2 and ClpX we used hydrogen-deuterium exchange with mass spectrometry (HDX-MS) to monitor the accessibility of residues at the interface. In line with our structural observations, complex formation between ClpP1/2 and ClpX only changes the accessibility of residues of ClpX and ClpP2, but not of ClpP1 ( Supplementary Fig. 4 ).
This not only corroborates that ClpX solely interacts with the ClpP2 isoform, but also indicates that ClpX binding does not induce major allosteric conformational changes in the ClpP1 heptamer.
Symmetry mismatch of IGF-loop interaction
The most interesting part of the structure is the interface between ClpP2 and ClpX, which involves a C6/C7 symmetry mismatch. As predicted by biochemical studies (8, 11, 33) , it is mediated mainly by the flexible IGF loops of ClpX interacting with hydrophobic grooves in ClpP2 (Figure 1g Fig. 5 ). This is in line with our ClpXP1/2 structure that demonstrates that the interaction between the IGF loops with the hydrophobic grooves is crucial for complex formation and function.
Taken together, tilting of the ClpX ring and stretching of one of the IGF-loops is sufficient for the hexameric ClpX to adapt to the seven-fold symmetry of the heptameric ClpP, leaving out one of the binding pockets (Figure 1k-l) . Due to multivalence, this results in strong, but at the same time flexible binding, which is likely necessary to accommodate the different conformations of ClpX protomers during ATP hydrolysis and substrate processing (8, 19, 29) .
The C-terminus of ClpP2 shields the hydrophobic groove prior to ClpX binding
The C-termini of the ClpP2 show two conformations in our structure: a compact conformation that blocks the hydrophobic groove when it does not accommodate an IGF loop, and an extended conformation enlarging the groove when occupied by an IGF loop (Figure 4a ). Since the residues of the C-terminus are not conserved (Supplementary Figure 6 ) and the conformational change is not transmitted to the rest of the protein, an allosteric regulation is rather unlikely. The C-termini probably shield the hydrophobic grooves, when ClpX is not bound and thereby prevent the interaction with other hydrophobic molecules and increase the stability of the protein in a hydrophilic environment.
To probe this, we deleted the last three to six amino acids of ClpP2. ClpP1/2 ΔC-6 precipitated during purification, suggesting that a certain length of the C-terminus is important to protect the hydrophobic groove and facilitate protein stability. ClpP2 mutants bearing three to five amino acid deletions were however soluble and exhibited a similar peptidolytic activity as the wild type complex (Figure 4b ). Interestingly, in protease assays requiring the binding of ClpX, the activity increased with a growing number of amino acid deletions in comparison to the wild type complex (Figure 4c ). We interpret this result such that when the C-termini are shorter more complexes are formed because ClpX can easier access the hydrophobic grooves via the IGF-loops.
Indeed, in line with this finding the C-termini of most ClpPs which were shown to interact with ClpX are shorter in length (Supplementary Figure 6) .
N-termini of ClpP2 and pore-2 loops of ClpX regulate the entry portal
ClpX is not only tilted, but also laterally shifted respective to ClpP2 (Figure 2a, d, e) .
Such an arrangement has also been described for other complexes that display a symmetry mismatch (34) (35) (36) . In the case of ClpXP1/2, this results in a misalignment of the central channels of ClpP and ClpX, creating in a twisted translocation channel with a constriction site at the interface between ClpP2 and ClpX (Figure 2d ). At this position, the N-terminal loops of ClpP2 and pore-2 loops of ClpX interact with each other. These interactions are expected to be even more dynamic than the flexible contacts mediated by the IGF loops, and coupled to ATP-hydrolysis (8, 11, 37) . Indeed, the densities corresponding to the N-terminal loops of ClpP2 and pore-2 loops of ClpX are very weak indicating a higher degree of flexibility in this region of the complex ( Supplementary   Figures 7,8 ).
Different conformations of the ClpP N-terminal loops have been previously identified in crystal structures of apo and ADEP-bound ClpPs (9, 38, 39) . In the apo E.
coli ClpP structure, on the apical side of the ClpP barrel the N-termini are in the "down" conformation, opening one axial pore of the barrel. On the basal side six of the Ntermini are in the "up" conformation, with the loops moving out of the axial pore, thereby covering and closing it. It was speculated that the six ClpP N-termini in the "down" conformation would open to match the six-fold symmetry of ClpX and the seventh noninteracting N-terminus would stay in the "down" conformation upon binding to the chaperone. However, in the ADEP-bound structure of E. coli ClpP all loops point upwards while they are not resolved in a B. subtilis ClpP ADEP structure having made general conclusions difficult so far (38, 39) .
In our cryo-EM structure, residues 6 to 17 are not resolved, but the rest of the density reveals that all seven N-termini of ClpP2 (the apical side of the barrel facing the chaperone) adopt the "up"-conformation resolving the controversy about their positioning and the accessibility of the pore (Supplementary Fig. 7 ). The cryo-EM structure demonstrates that the interaction site between the ClpP2 N-termini and the ClpX pore-2 loops is not shielded and freely solvent accessible. In addition, the Ntermini undergo a conformational change upon complex formation and adopt the "up" conformation, by which the protein backbone likely gets more solvent exposed and/or flexible. In line with this, deuteration of the ClpP2 N-terminus increased after complex formation ( Figure 3, Supplementary Fig. 4 ). This observation is also supported by reported synchrotron hydroxyl radical footprinting data showing that ClpA binding enhanced the modification rate of an N-terminal peptide of ClpP, pointing towards a higher solvent accessibility (40) .
ClpP activation mechanism by ClpX
Previous crystal structures of ClpP in its apo-form, i.e. without ClpX or compound bound, revealed three different conformational states of the protein: "compressed", "compact" and "extended" (41) (42) (43) (44) (45) . The catalytic triad of the peptidase is only intact in the extended state, suggesting that this is the only active state. ADEPs, that bind to the same site on ClpP as the IGF loops, can induce the transition from the compressed to the extended conformation (13) . In addition, a ~90° rotation of Tyr63 in the hydrophobic pocket results in the widening of the axial pore by 10 -15 Å. A mutation of this residue to alanine has the same effect (46) . This "open" extended conformation of ClpP deregulates the protein. Instead of only processing short peptides of five to six residues, it is now capable to degrade large unfolded polypeptides that otherwise could not be processed in the absence of the chaperone (Figure 6d-e) (38, 40, 47) . It has been speculated that the mechanism of ClpP activation by ClpX would imply similar conformational changes (15, 46) . The ClpXP1/2 structure demonstrates that this is not the case. ClpP is in the active extended conformation which is very similar to its conformation in the apo-state (Figure 5a, b) . Despite the S98A mutation, the catalytic triad is aligned and in its active conformation (Figure 5d ). The ClpP1-P2 heptamers are interconnected via typical interactions of antiparallel β9 strands, characteristic for the "extended" active conformation (41) (Figure 5e ). Importantly, the axial pore of ClpP is not widened, when compared to the crystal structure of the B. subtilis ADEP-bound (Figure 6f ).
Concluding remarks
The structure of ClpXP1/2 from L. monocytogenes allowed us to answer a plethora of long-standing questions regarding complex formation and interaction between the involved subunits. We elucidated the sophisticated interaction between ClpP2 and ClpX that involves a pseudo-six-fold to seven-fold symmetry mismatch at molecular level. We Figure 5c ). Note the widening of the pore in the ADEP-bound structure.
